This paper reports an innovative method for the rapid replication of microlens arrays. In using electromagnetic force to press uniformly a ferromagnetic soft mold written with microlens array cavity into a UV-curable resin on a glass substrate, a polymer microlens array can be rapidly fabricated. In this study, an electromagnetic force-assisted imprinting facility with UV exposure capacity has been designed, constructed and tested. The 300 × 300 microlens array with a diameter of 150 μm and a pitch of 200 μm is successfully produced. Scanning electron microscopy (SEM) and optical observations confirm that the polymer microlens arrays are produced without defects or distortion and with good pattern fidelity over a large area. The microlens arrays have a smooth surface and fine focusing function. This technique shows great potential for the efficient replication of the microlens array at room temperature and with low pressure on large substrates with high productivity and low cost.
Introduction
In recent years, polymer microlens arrays have played an important role in the field of micro-optics. There are extensive applications such as charge-coupled device cameras, flat panel display, light-emitting diode array, micro-scanning system, fiber coupling and optical communication, etc. Various fabrication methods have been proposed for polymer microlens arrays. Some examples are photoresist melting [1] , gray scale mask photolithography [2] , microjet fabrication [3] and polymer electrodeposition [4] . These techniques are complex, expensive and require the use of clean-room facilities and extensive process control. Therefore, precision replication technology is regarded as the best mass-production process. It offers significant possibilities for reducing the cost of polymer microlens array manufacture when large volumes are required. There have been several replication methods for polymer microlens arrays such as injection molding [5] , hot embossing [6] and UV molding with a Ni mold [7] . 1 Author to whom any correspondence should be addressed.
The injection molding and hot embossing with a metal mold involve high temperature and high pressure. They are timeconsuming batch-wise processes. To reduce heating/cooling cycle time, UV molding has been explored. It uses UV-curable resist and employs UV light to cure the photopolymer at low pressure and room temperature. However, this procedure still requires metal stamps that apply a complex fabrication process and needs expensive facilities. To further improve the productivity and lower the cost, soft lithography replication [8] was developed. This approach utilizes a soft PDMS mold and low viscosity UV-curable resists, allowing a short process cycle and accurate structure transfer. Compared with the conventional electroformed metal mold, the PDMS mold can be fabricated by a casting process without expensive facilities. However, low rigidity of PDMS often causes the microstructures on the PDMS stamp to deform or to distort generating defects in the pattern. In addition, this replication method produces a microlens array by solid parallel plates of the press machine. The waviness and non-parallel alignment of pressing plates will cause the non-uniformity of imprint pressure between the stamp and substrate. To overcome these problems, the authors propose an innovative method, the electromagnetic force-assisted UV-imprint process [9] , which employs the electromagnetic force to pull uniformly the ferromagnetic mold with micro-structure cavities into an UV-curable resist on the substrate. The liquid photopolymer is then cured by UV irradiation at room temperature and does not involve temperature cycling or high pressing action during processing. In the previous work, the nickel piece was adhered to the PDMS mold with a submicron structure to be a ferromagnetic mold. Under the proper processing conditions, high quality and uniformity of submicron optical components can be achieved. However, the nickel piece and the PDMS layer are different materials. Therefore, the nickel piece is hard adhered to the PDMS layer perfectly. To improve the utility of the ferromagnetic mold for use in the electromagnetic force-assisted UV-imprinting process, a novel method is performed. In this study, a hybrid layered ferromagnetic soft mold is developed, which consists of a ferromagnetic PDMS layer as a mechanical support covered with a thin PDMS layer with a micro-structured relief. Also, an electromagnetic force-assisted imprinting facility with UV exposure capacity has been designed, constructed and tested. The effects of processing conditions on the shape and quality of the molded microlens are investigated. The optical property of the fabricated microlens array is also measured and analyzed. Figure 1 shows the procedure for fabricating a ferromagnetic soft mold with microlens array cavity. The first step is to fabricate a 300 × 300 microlens array master by the UV-LIGA process. The second step is casting. The polydimethylsiloxane (PDMS) pre-polymer solution (Dow Corning SYLGARD 184), a mixture of 8:1 silicon elastomer and the curing agent, is then poured on the microlens array master and cured at 80
Fabrication of a ferromagnetic soft mold with microlens array cavity
• C for 30 min. The PDMS layer is formed. The third step is to produce a ferromagnetic layer over the PDMS layer. A mixed solution composed of the micro-Fe powders and PDMS pre-polymer is coated onto the PDMS layer. After being cured at 80
• C for 2 h, the hybrid layered soft mold is removed from the master and the ferromagnetic soft mold with microlens array cavity is obtained. Figure 2 shows the photo image and the SEM image of the ferromagnetic soft mold with microlens array cavity. The microlens array cavity with a diameter of 150 μm, a depth of 34.4 μm and a pitch of 200 μm is measured by a surface profiler (Alpha-Step 500, TENCOR, USA). Figure 3 shows the electromagnetic force-assisted UV-imprint system used in the experiments. The system consists of a UV-transparent top plate (glass plate), an imprinted substrate, a UV lamp and an electromagnet with a power supply. The current of the electromagnet is controlled by the power supply, through which the imprinted forced is controlled. The wavelength of the UV lamp is between 365 and 410 nm. The UV intensity at 365 nm is 100 mJ cm −2 . The UV-curing dose is equal to the intensity of UV light times the curing time. A UV-curable resin Ormocomp (micro resist technology GmbH) is used. The refractive index is 1.52 at the 633 nm wavelength.
Electromagnetic force-assisted UV-imprint facility and process
The electromagnetic force-assisted UV-imprint process is illustrated in figure 4 . The detail stages are described as follows.
(1) Preload stage. The stack of ferromagnetic soft stamp with microlens array cavity and the glass substrate coated with UV-curable resist is placed on the top plate of facility. Consequently, the weight of the ferromagnetic soft mold is applied to the resist layer as preload on the substrate. (2) Pressing stage. The voltage is applied between the mold and the substrate; the ferromagnetic soft mold with microlens array cavity is pressed against the UV-curable resist layer on the glass substrate with proper imprinting pressure for a certain period of time. The liquid resist fills into the microlens cavities on the surface of the ferromagnetic soft mold. (3) Curing and packing stage. After the pressing time period, the UV-curable resist is cured by UV irradiation at room temperature, while maintaining the pressure to prevent uncontrolled shrinkage. (4) De-molding stage. After the curing time period, the ferromagnetic mold is removed from the substrate, and the substrate with microlens array structures on its surface can be obtained.
Results and analysis

Pressure distribution measurement
To verify the feasibility and uniformity of the electromagnetic force-assisted UV-imprint process, the pressure distribution during the imprinting stage is measured by the KSP-micro strain gage. Figure 5 shows the pressure distribution of the electromagnetic force-assisted UV-imprint process under the condition of a 10 A electric current. The measured pressure distribution values over the contact area were 0.85 ± 0.06 kgf cm −2 . The average measured pressure is 0.86 kgf cm −2 . This result shows that the pressure distribution of the electromagnetic force-assisted UV-imprint process is uniform. Figure 6 shows the magnitude of the electromagnetic pressure as a function of the electric current which is controlled by the power supply. The magnitude of the electromagnetic pressure increases with the increase in the electric current. The imprint pressure of the experiment lies between 0.26 kgf cm −2 and 1.04 kgf cm −2 .
The effects of processing conditions on the replication quality of the microlens
To study the effects of processing conditions on the replication quality of the microlens array structures, a set of three processing parameters including the pressing time, UVcuring dose and imprinting pressure is examined. Figure 7 shows the effect of imprinting pressure on the molded filling of the microlens structure. The feature height of the imprinted microlens increases significantly with the increase in processing pressure because of the polymer flow behavior.
At the pressing time of 10 s, a UV-curing dose of 495 mJ cm
and a processing pressure of 0.96-1.04 kgf cm −2 , the patterns of a microlens array can be successfully fabricated across the whole glass substrate. Figure 8 shows a photo image and an SEM image of the imprinted microlens array. The microlens array cavity with a diameter of 150 μm and a sag height of 34.4 μm is measured using a surface profiler (Alpha-Step 500, TENCOR, USA). On the other hand, the results show that the best pressing time is 10 s. If the processing duration is too short, the liquid photopolymer dose not have enough time to fill into the mold cavity, failing to form a spherical lens shape. In contrast, under the proper processing pressure extending the processing duration beyond 10 s causes very little change in the shape and height of the microlens. The amount of UV-curing dose has little effect on the quality of the microlens. The proper UV-curing dose is about 500 mJ cm −2 .
The optical property of the imprinted microlens array
Based on the geometry and optical theory [10] , the radius of curvature (R) and focal length ( f ) can be determined using the following equations:
where D, h and n are the diameter, the sag height and the refractive index of the microlens, respectively. After calculation, the radius of curvature and focal length of the microlens are approximately 99 μm and 190.4 μm, respectively. The optical property of the fabricated microlens array is further measured using a beam profiler. The beam profiler is composed of expanding lenses, a filter, a micrometer scale resolution Z-stage, a microscope system and a 633 nm laser light source. The average measured focal length is 189 μm for the molded microlens. The calculated values agree well with the measured data. Figure 9 (a) shows a portion of the spot patterns produced by an imprinted microlens array. The two-dimensional focus intensity distribution at the focal plane is shown in figure 9(b) . The images reveal that the pitch and the intensity of the focused light spots are uniform. Figure 10 shows the AFM image and roughness analysis of a randomly picked microlens from a single microlens array. The average surface roughness (Ra) on the microlens top surface is 2.0-2.2 nm, which shows good optical smoothness of the microlens.
The surface quality of an imprinted microlens
These measurements show the possibility of using the present molded microlens array for applications such as fiber coupling and optical communications.
Conclusions
In this study, an innovative method of the imprint process for the replication of microlens array is presented. The corresponding novel facilities have been designed, constructed and tested. The polymeric microlens array structure can be uniformly fabricated with good pattern fidelity across a large area. The replication quality, surface roughness and optical property of the replicated microlens arrays are measured and proved satisfactory. This imprint method shown here appears as a good alternative to the current imprint techniques for various applications, especially in micron and sub-micron features.
